Introduction
The Tyrrhenian Sea is the Neogeneto-Present backarc basin developed in the hangingwall of the west-directed Apennines subduction in Italy (e.g. Scandone, 1980; Malinverno and Ryan, 1986) . The basin is asymmetric in various respects: extension is greater in the south; and extension and related magmatism have migrated in time from west to east (e.g. Kastens et al., 1988; Bigi et al., 1989; Sartori, 1989; Savelli, 2001) . Extension evolved to ocean formation in two main areas, i.e. the Vavilov (7-3.5 Ma) and the Marsili (1.7-1.2 Ma) subbasins (Bigi et al., 1989) . Subduction-related magmatism also occurs in the Tyrrhenian basin to form the Eolian islands (e.g. Savelli, 2001) .
The basin has high heat flow values ( Fig. 1) , which are probably related to the stretching of the lithosphere in the backarc area. Subduction-related magmatism does not seem to be significant for the regional heat flow of the entire backarc basin, being localized in the narrow belt of the Eolian volcanic arc, whereas the high heat flow is distributed over the entire basin. The asymmetric pattern persists in the heat flow values, which are higher on the eastern side (Mongelli, 1991) . Erickson (1970) carried out the first measurements of heat flow in the Tyrrhenian basin for 12 stations; the average value of the best ten sites was 147.5 mW m )2 . Sclater (1972) identified a relationship between heat flow and elevation of the marginal basins of the western Pacific. However, when applying these types of models, Loddo and Mongelli (1975) pointed out that Erickson's value was too high with respect to the elevation, denoting an anomalous state of the basin. Malinverno (1981) and Malinverno et al. (1981) interpreted the existing data by considering that the Tyrrhenian basin was created behind an eastward-migrating trench system, with associated stretching of the hangingwall lithosphere. Hutchinson et al. (1985) produced new heat flow data and applied the simple stretching model of McKenzie (1978) to the western Tyrrhenian (heat flow ¼ 134 ± 8 mW m
)2 ) and obtained a very high stretching factor (b ¼ 6). They maintained that, when stretching is long and continuous, oceanic crust is created in the central rift. They modelled this phase in the Southern Tyrrhenian where the heat flow was 151 ± 10 mW m )2 with the oceanic plate model of Parsons and Sclater (1977) , and obtained a value of b ¼ 8. Mongelli and Zito (1994) compiled a heat flow map of the Tyrrhenian Sea and surrounding areas based both on pre-existing data and on new measurements. This map (Fig. 1) shows a very high regional value of 120 mW m )2 and two strong local maxima of 143 mW m )2 and 245 mW m )2 in areas of recent tectonic and volcanic activity, and also probably convective water movements.
There is general agreement that extensional thinning of the lithosphere has resulted from stresses generated by boundary forces related to slab pull (e.g. Forsyth and Uyeda, 1975; Angelier and Le Pichon, 1979) or to differential drag exerted by an eastwardmigrating mantle (Doglioni et al., 1998) . Evidence indicates that extension rates in backarc basins, such as the Tyrrhenian or Pannonian basins, are related to the rates of subduction. Episodic backarc extension in the Tyrrhenian basin would suggest either that the subduction rate is not continuous or, alternatively, that stretching in the backarc is not continuous during a steady-state subduction process. The average rate of the subduction, inferred by comparing the subducted slab length (500-700 km) with its initiation age (about 30-20 Ma), is of the order of about 2.5 cm yr . The total amount of subduction developed with contemporaneous retreat of the slab. The amount of retreat almost equals the backarc extension, particularly when subduction occurs in the absence of E-W convergence.
With new geological and geophysical data for the basin, we propose an updated geodynamic interpretation of the heat flow data, suggesting a simplified physical model to explain the thermal asymmetry.
Geological and geophysical setting
Understanding of the geological history of the Tyrrhenian Sea has greatly improved owing to several DSDP and ODP wells, seismic reflection profiles, dragging and volcanological studies (e.g. Zitellini et al., 1986; Ellam et al., 1988; Kastens et al., 1988; Francalanci et al., 1993; Pascucci et al., 1999) . Several papers have proposed geophysical and geodynamic models for the opening of the basin (e.g. Scandone, 1980; Malinverno et al., 1981; Mantovani, 1982; Finetti and Del Ben, 1986; Malinverno and Ryan, 1986; Moussat et al., 1986; Patacca and Scandone, 1989; Mongelli and Zito, 1994; Gueguen et al., 1997; Cella et al., 1998) . Here we summarize some important results that are useful for our study.
Subduction of the Adriatic microplate began in the Late OligoceneEarly Miocene and developed to the east of the former Alpine chain. The Apenninic accretionary prism formed in sequence at the front of the pre-existing Alpine back-thrust belt. Apenninic backarc extension migrated eastward and resulted in boudinage of the former Alpine nappe stack (Doglioni et al., 1998) . Kinematics and geophysical data support the presence of an eastward-migrating asthenospheric wedge at the subduction hinge of the retreating Adriatic plate (Gueguen et al., 1997) .
Rifting initiated in the Oligocene in the Liguro-Provenc¸al basin to the west of Corsica-Sardinia, floored by oceanic crust 19-15 Ma ago. This rifting moved east of Corsica and Sardinia proceeding in steps and in the southern Tyrrhenian generated several major subbasins, marked by homonymous volcanoes, i.e. Magnaghi, Vavilov and Marsili (Fig. 2) .
Basalts at the Mt Vavilov volcano are OIB-MORB type with an age of 4.1 Ma (Sartori, 1989) , whereas the basalts of Mt Marsili are also calcalkaline (Beccaluva et al., 1990) with overlying sediments that have an age of 1.8 Ma (Kastens et al., 1988) , indicating very young basaltic crust.
Subduction of the Southern Adriatic and Ionian lithosphere beneath the Apennines and the Tyrrhenian Sea is demonstrated by seismicity, mantle tomography, calc-alkaline magmatism, a well-developed accretionary prism, etc. Many authors (Gasparini et al., 1982; Anderson and Jackson, 1987; Amato et al., 1991 Amato et al., , 1993 Giardini and Velona`, 1991; Selvaggi and Chiarabba, 1995; Cimini, 1999; Selvaggi, 2001 ) have tried to define the geometry of the subducted slab by different seismological methods. Selvaggi and Chiarabba (1995) have described a continuous slab having a gentle slope down to 50 km depth, with a rapid increase at the hinge, where the slope reaches 70°, therafter remaining constant down to 500 km. , UTM kilometric coordinates (modified after Mongelli and Zito, 1994) . Fig. 2 The western Mediterranean consists of subbasins progressively opening toward the east, in the hangingwall of the Apennine subduction zone. The backarc extension in the Tyrrhenian sea stretched the pre-existing Alpine double-verging orogen (dark grey). Oceanic crust is shown in black (slightly modified after Gueguen et al., 1997) . Calcagnile and Panza (1981) interpreted the lithosphere thickness of the Tyrrhenian area based on dispersion of surface waves; they found that the lithosphere is thinned up to 30 km in the central sector of the area. Recently, Pontevivo and Panza (2002) found that the thickness is about 20 km in the southernmost sector of the basin (Fig. 3) .
The structure of the Tyrrhenian crust has been studied extensively by gravimetric methods (Morelli, 1970 (Morelli, , 1981 Morelli et al., 1975) and seismic exploration (Finetti and Del Ben, 1986; Pascucci et al., 1999) .
The Tyrrhenian Sea is the site of an intense Bouguer anomaly (> 250 mgal); its interpretation (Cella et al., 1998) , by assuming density values constrained by the results of the seismic exploration, confirms the existence of very thin crust (Fig. 4) .
A map of the depth to the Moho (Nicolich, 1989; Nicolich and Dal Piaz, 1991) shows values lower than 15-20 km in the bathyal plain, with two minima of 10 km centred on the Vavilov and Marsili basins. Note that these minima coincide with the highest heat flow values. The lithospheric boudinage proposed by Gueguen et al. (1997) and shown in Fig. 2 is suggested to be slightly asymmetric by the gravimetric reconstruction of Cella et al. (1998) , with the continental roots of Corsica-Sardinia shifted to east with respect to areas of higher topography. This would confirm the presence of an underlying eastwardmigrating asthenosphere.
The Tyrrhenian Sea can be divided into three parts, i.e. northern, central and southern areas. The southern area (Fig. 1) is the widest and most stretched; it is also the deepest part of the Tyrrhenian Sea (> 3500 m) and it corresponds to the main area of the present study, being subdivided into the above-mentioned subbasins. ). In the northern Tyrrhenian Sea, close to Tuscany, heat flow values are again high (> 160 mW m )2 ). Stretching in the Tyrrhenian Sea decreases from south to north, and therefore there does not appear to be a linear relation between total extension and heat flow. However, there does appear to be a correlation between active magmatism and heat flow, with the magmatism directly correlated to the rate of subduction and composition of the slab in the Apennines. In fact, the most active subducting part of the Apennines is in the Southern Tyrrhenian-Calabria, where the foreland is the oceanic Ionian basin. To the north, the foreland of the southern Apennines is almost locked by the thick lithosphere of the Puglia area, which is barely subducting and buckled (Doglioni et al., 1994) . This area of slow, if any, subduction is recorded in the backarc basin where extension is minimal, there is low or absent magmatic activity, and low heat flow. The central northern part of the Apennines subduction is more rapid, generating seismicity and latent magmatism in Locardi and Nicolich, 1988) .
Latium and Tuscany, and relatively high heat flow (see Mongelli and Zito, 2000 , and references therein). The shallower seismicity in the northern Apennines can be related to the continental nature of the downgoing lithosphere, which behaves in a more ductile manner at shallower depth with respect to the oceanic lithosphere of the Ionian basin, subducting beneath the southern Tyrrhenian Sea (Carminati et al., 2002) .
Geodynamic model of the Southern Tyrrhenian basin opening
Let us suppose that during Oligocene time, the European and Adriatic plates were sutured by the Alpine orogen giving a thickened lithosphere h L , ideally comprising two sectors BC and CD, to the east of sector AB of the Alpine foreland where the thickness of the plate is L (Fig. 5 ). In the Early Miocene, between 19 and 15 Ma ago, sector AB first stretched by a factor b so that it thinned to L ⁄ b. Further stretching caused the laceration of the thinned lithosphere, favouring the passive rising at the surface of an asthenospheric body (a). As a consequence, blocks BC + CD rifted and drifted by AB AE (b ) 1) + a.
During Late Miocene -Early Pliocene times (7 and 3.5 Ma ago), sector BC stretched by the factor b 1 , and thinned to h L ⁄ b 1 . At 3.5 Ma ago, further stretching caused laceration of the thinned lithosphere, favouring the passive rising of an asthenospheric body of width b. As a consequence, block CD further drifted and rifted by BC AE (b 1 ) 1) + b (Vavilov basin).
During Pleistocene times (1.7 and 1.2 Ma ago), block CD stretched by a factor b 2 and thinned to h L ⁄ b 2 . At 1.2 Ma ago further stretching caused the laceration and the rising of another asthenospheric body (c). Point D further drifted and rifted by CD AE (b 2 ) 1) + c (Marsili basin). These latter two extensions formed the southern Tyrrhenian Sea basins.
At present, the distance BD is about 550 km, that is the distance between Sardinia and Calabria. Figure 6 shows the heat flow map of the Tyrrhenian Sea, which has been smoothed to eliminate small local anomalies. This map is the result of the superimposition of the effects of lithospheric extension and of local asthenospheric intrusions in two different areas: the Vavilov basin, which is older, where the heat flow reaches a value of 143 mW m )2
Thermal model
, and the Marsili basin, where the heat flow reaches a value of 245 mW m )2 . From a thermal point of view, we need to consider the mantle and the radioactive components of the heat flow, together with intrusion effects.
Mantle component
McKenzie (1978) showed that the mantle component of the temperature and heat flow in a basin after a sudden passive pure shear extension, assuming the surface temperature to be zero, is:
where k is the thermal conductivity of the lithosphere, T 1 the temperature at the base of the lithosphere, h L the thickness of the lithosphere before thinning, b the thinning factor of the lithosphere,
j the thermal diffusivity of the lithosphere, t the time after thinning and kT 1 ⁄ h L is the mantle heat flow before thinning. We assume that before the extension phase the lithosphere had the same structure as the present Alpine chain (because it was part of this chain), i.e. comprising lithosphere 130 km thick (Calcagnile and Panza, 1980) and crust 45-50 km thick (Locardi and Nicolich, 1988) .
To calculate b values in both basins we use the numerical relation (Mongelli, 1991 ) that expresses the re-thickening of the lithosphere after stretching: Heat flow and geodynamics in the Tyrrhenian Sea • G. Zito et al. Terra Nova, Vol 15, No. 6, [425] [426] [427] [428] [429] [430] [431] [432] 
where h L is the original thickness of the lithosphere, h is the lithospheric thickness at time t after extension. We obtain b 1 ¼ 6.3 for the older period of extension and b 2 ¼ 7.0 for the younger extension. We assume
and k ¼ 2.5 W m )1 K )1 for involved rocks at high temperature (Zito et al., 1993; Zoth and Haenel, 1988) . The mantle component of the heat flow before thinning is 25.6 mW m )2 . Figure 7 shows the evolution of the heat flow; it is possible to see that, at present, the value relative to the first extension is 112.5 mW m )2 , whereas that relative to the second extension is 170.8 mW m )2 .
Radioactive component
The radioactive component of the heat flow in the Tyrrhenian basin can be deduced from the crust structure of the Alps. As a result of the collision, the continental crust beneath the Alps is almost doubled (Pfiffner, 1990; Ye & Ansorge, 1990) . Bodri (1991, 1996) modelled the thermal evolution of the Alps by assuming an exponential distribution of heat production in each crustal component. As the total crust is 50 km thick, we assume each crust component to be 25 km thick. This crustal thickness beneath the Southern Tyrrhenian sea is reduced, by extension, to 15 km by a factor b c ¼ 3.3, and each crustal component to H r ¼ 7.5 km.
In the southernmost sector the crust is reduced to 10 km by a factor of b c ¼ 5 and each crustal component to H r ¼ 5 km. As a consequence, the contribution of radioactivity to the surface heat flow is strongly reduced. We suggest that, the contribution is near equilibrium in a relatively short period of time. For simplicity, we calculate the thermal contribution of the radioactivity of this thinned crust at steady state.
We solve the equation:
where:
that is we assume that the pre-extension radioactive heat production A 0 ¼ 3 lW m )3 is depleted by the factor b c (Waples, 2002) . Moreover, With the following boundary conditions: ) of the Southern Tyrrhenian Sea. UTM kilometric coordinates. 
we have the solution given in Eq. (A1). By taking k ¼ 3 W m )1 K )1 for granitic rocks, the surface contribution to heat flow is 7.95 mW m )2
, for the older and 6.2 mW m )2 for the younger basin.
As a consequence, the calculated surface heat flow of the first extension is about 120 mW m . The present heat flow value in the area of the first extension is more than 140 mWm )2 , whereas it is more than 240 mWm )2 in the eastward younger Marsili basin (Fig. 6) . These values can be related to asthenospheric intrusions, and confirm that when b > 6 laceration of the lithosphere occurs.
Thermal effect of asthenospheric intrusion
We suppose that the asthenospheric intrusion reaches the surface and cools. The magma has a melt temperature T m at which the phase change from liquid to solid occurs. The position of the phase change boundary z m moves downward as solidification proceeds and, additionally, at this interface latent heat of fusion L is liberated. This is the Stefan problem. The solution, in one dimension, is (Turcotte and Schubert, 1982) :
where T 0 is the surface temperature,
and k 1 is determined by the transcendental equation:
where c is the specific heat. The surface heat flow is:
Along the first western intrusion the modelled heat flow is 120 mW m )2 , little less than the measured surrounding value of 140 mW m )2 deriving from the first extension.
In the second intrusion to the east, the modelled heat flow is 177 mW m )2 , whereas the measured surrounding value is 240 mW m )2 deriving from the second extension.
We suggest that the second extension is so recent (1.2 Ma) that the lateral effects may be neglected and therefore the one-dimensional Stefan model may be applied to the central part of the basin.
We assume
, L ¼ 400 kJ kg )1 and for ultrabasic rocks at 1300°C thermal conductivity k ¼ 1.45 W m )1 K )1 (Zoth & Haenel, 1988 Figure 8 shows: A) the geotherm in the second intrusion and B) the variation of the surface heat flow with time, on which the value relative to the second intrusion is well fitted.
From Eq. (4), and taking k ¼ 21.8 km 2 Ma )1 we obtain z m ¼ 7.0 km. This is the thickness of the newly created lithosphere. Moreover, the contour 10 km below the Marsili basin in Fig. 4 indicates the thickness of the lithosphere.
The intrusion below the Vavilov basin is older, and the new lithosphere is thicker. By assuming approximately the one-dimension solution, we obtain z m ¼ 11.2 km. However, because of the lateral loss of heat, z m should be more than 11.2 km. We expect that within the new lithosphere, new thin oceanic crust is differentiated. In this case we suggest that the 10-km contour in Fig. 4 below the Vavilov basin indicates effectively the depth to the Moho.
Conclusions
According to our results, a few interpretations can be drawn for the Southern Tyrrhenian basin: 1 The opening of the Southern Tyrrhenian basin occurred by two rapid and separate episodes, which moved from west to east and stretched the lithosphere by a factor b > 6. 2 Stretching of the lithosphere allowed the contemporaneous passive rise of the asthenosphere, which cooled, liberating the latent heat of fusion, and solidified. 3 New lithosphere was formed within the intrusion, whose thickness is defined by the depth of the solidification boundary. 4 The Moho depth in the Tyrrhenian basin has a different origin: in the continental areas it is dependent on stretching of the primitive crustlithosphere, whereas within the intrusion it is a new oceanic discontinuity, formed by differentiation of asthenospheric material.
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